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Abstract 
This dissertation was written as a part of the MSc in Energy Building Design at the Inter-
national Hellenic University. In order to investigate the thermal properties of hollow 
bricks for different construction arrangements, ceramic materials and mortar properties. 
The investigation of the thermal performance was conducted according to the EN 
1745:2012 
and the ISO 6946:2015 on several brick designs popular in the Greek market. 
During this investigation, models of the various designs where build in COMSOL, in 
order to investigate the thermal performances as units and as wall sections. The voids of 
the models where simulated for various insulating materials, like expanded polystyrene, 
perlite and low emissivity treatment. 
The models where also simulated for various conductivities (clay and mortar) and the 
effect of each modification was analyzed and quantified. 
I would like to thank my supervisor Prof. T. G. Theodosiou for his help during this dis-
sertation. 
 
Vasileios K. Tsatsaros 
02/01/2020 
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1 Introduction 
Hollow clay bricks represent the building material of choice for most of the new build-
ings. The same time is the predominant building material on the existing buildings, irrel-
evant of their age. As the building regulations are becoming stricter, regarding the energy 
used for heating and cooling, the need for a better understood building envelope is appar-
ent, as is a major factor on the energy performance of the building. 
All parts of the building’s envelope are becoming more standardized (insulation, window 
frames, glassing) the hollow bricks are straggling to follow.  Due to the natural variation 
of the clay used, different specifications of bricks and the loose manufacturing tolerances 
of the producers only enlarges the problem of not having reliable data for use. 
Adding to the confusion, the different brick laying techniques used, the variations in the 
mortar and other joining materials used for the purpose of the brick work construction.  
Considering the importance of the building simulation for the design of the future build-
ings, a more precise way is needed to describe the thermal properties of the brick walls. 
The aim of the project is to investigate the thermal insulation properties of hollow bricks 
for different construction arrangements, ceramic materials and mortar properties. 
The investigation will be done by simulation using numerical methods according to the 
standards EN 1745/2012 and the ISO 6946/2015 using the COMSOL Software. 
The investigation will focus on common perforated bricks, found on the Greek market, 
as the most often used construction technics. The significance of the mortar for each tech-
nic will also be examined. 
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2 Theoretical Foundation 
Familiarization with terms and some background information is needed, in order to fully 
understand the phenomenon of heat transfer on a single masonry unit and the differences 
when considering a complete wall. 
2.1 Heat Transfer 
Heat transfer can only take place within two bodies, when there is temperature difference 
and is done by three mechanisms, conduction, convection and radiation. 
 
2.1.1 Conduction 
Conduction is occurring among high energy molecules to the adjacent lower energy ones 
as described by Fourier’s law of heat conduction 
• = −	
  
Q•cond is in W heat transfer rate  
k conductivity (W/mK), A is the area to heat flow(m2), dT is the temperature difference 
(K) and dx thickness of material (m). 
2.1.2 Convection 
Convection is the process of heat transfer from a surface to a fluid, flowing in contact and 
if the flow is induced by buoyancy, is called free convection or else forced convection. 
• = ℎ
( − ) 
Q•conv is in W heat transfer rate from fluid to wall, 
h film coefficient (W/m2C), t bulk temperature of the fluid (°C), tw is the wall temperature. 
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2.1.3 Radiation 
Radiation is the only heat transfer mechanism that does not require a medium as it is an 
electromagnetic radiation. The radiation emitted by a body due to its temperature is 
known as the Stephan Boltzmann law. 
For two grey-body surfaces forming an encloser, the heat transfer rate is : 
• = ( − )1 −  + 1 + 1 − 
 
Where ε1 and ε2 are the emissivities of the surfaces, 
σ is Boltzmann constant (5.673*10-8 W/m2K4), T is absolute temperature (K), A is the 
surface (m2), F config. Factor (geometry). 
 
2.2 Clay Bricks 
Clay bricks are one of the oldest building materials made since the ancient times. Many 
of the fired brick structures stand for thousands of years as a testament of their strength. 
There are two main categories of fired and non-fired bricks, with the fired bricks monop-
olizing the interest due to the strength and availability of shapes and sizes.  
The rectangular standardized shape simplifies the process of masonry construction and 
the units can be joined using mortar, adhesives and mechanical interlocking. 
The manufacturing process of fired clay bricks starts with raw clay, milled, mixed with 
silica lime and other ingredients depending on the use and the aesthetics intended. 
Depending on the use of the brick, grinded combustible material may be added to the 
mixture with the purpose of creating a pores through the body of the brick (after “fired”). 
The most used method for shaping bricks is by extrusion and in order to pass the mixture 
through the shaping dies, water is added and pressed. The shaped clay is then cut in size 
and driven to the dryer depending on the size and shape of the brick, will stay in the dryer 
for 18-40 hours prior entering the kiln  
Inside the kiln the clay is “fired” at 900-1000° C. At this stage if combustible additives 
are present, ignite adding fuel to the kiln and creating pores in the structure of the clay. 
As it is apparent by the manufacturing process of fired clay bricks, it is an energy inten-
sive process and depending on the fuel of the kiln can have large carbon footprint. 
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There are several types of bricks, as the, solid bricks, hollow bricks (voids less than 25%), 
perforated bricks (voids more than 25%) (Bricks may also be referred by the outside fin-
ishing or special use). All these types are available in a variety of sizes with often the only 
limiting factor being the weight of the brick (or block for the larger sizes). As the available 
area for heat conduction is varying from type to type, it is evident from the Fourier’s law 
that the heat transfer by conduction will also vary in each type. 
 
2.3 Wall Construction 
Different considerations effect the wall construction and the brick selection. Some of the 
more important are Structural considerations, Energy considerations, Water Penetration 
Resistance and Internal layout and building Installations considerations. 
Most construction techniques originated from solid bricks and migrated to the different 
types, as they become available and hence the inadequacies. 
 
2.3.1 Structural Considerations  
The structural loads of a building rely heavily on the building design. Single floor or 
multistory, and the location where the buildings are to be constructed, require different 
construction due to different seismic regions.  
The walls can be of a single leaf (or wythe) for smaller constructions with low loadbearing 
requirements or use double leaf or triple leaf or more depending on the load.  
When multiple layers of bricks are laid, various interlocking methods are used among the 
layers in order the wall structure to behave as a single unit and increase its strength. 
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Figure 1 Failed Leaf Interlocking Mechanisms in a double leaf wall (1). 
 
Currently what is considerate as normal in constructions in Greece and much of the south-
ern Europe is the Reinforced Concrete (RC) structure with infill walls. The infill walls 
only close the gap from concrete beam to beam and no structural role is considered by the 
brickwork. 
The infill walls use larger bricks with horizontal or vertical perforations with external 
insulation, or a double leaf construction with cavity in the middle. The cavity in the center 
is filled with insulation. In the double leaf walls reinforced concrete bands are connecting 
the two sides or more rarely steel ties (Figure 2). 
The last few years larger blocks are used without insulation offering larger thermal mass 
to the buildings. 
The wall construction techniques are remnant of the past when the solid brick walls of 
the buildings were for load bearing purposes primarily and the same techniques are also 
used with perforated bricks. This creates problems at the energy performance (consider 
at Figure 22 C and D with horizontal perforated bricks also visible in Figure 3.). 
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Figure 2 Different wall construction brick arrangement and interlocking. 
Regarding the combination of RC structure with infill walls a more awkward and danger-
ous situation arises during seismic events as the nonstructural infill interacts with seismic 
design of the RC structure leading to increased damages and costs (2). 
 
 
Figure 3 Typical Damages due to brickwork on RC structure after earthquakes (3) 
 
2.3.2 Energy Considerations 
The energy requirements of a building depend on the losses or gains through its envelope. 
Various technics are used to minimize the losses due to convection conduction and radi-
ation and are interlinked with structural selections made for a building.  
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Considering the Newtons first law, there are two different strategies to degrease the heat 
transfer through a wall section, either reduce the conductance of the material (clay brick) 
or use more material (thicker walls). 
The increased thickness of the walls (Figure 4) (e.g. loadbearing walls or larger blocks) 
makes structures with thicker walls extra insulated structures, but also increases by a fac-
tor of two or three the thermal mass of the building with unanticipated effects. 
Thermal mass is the ability to store heat energy. Thermal capacitance of a material is the 
heat stored in its mass and is measured in Joules per kilogram Kelvin (kJ/kg*K). 
 
 
Figure 4 Corner of Building with Horizontal RC Bands and thick Blocks 
 
Cavity walls try to reduce the conductance of the wall by including the air in the cavity 
as part of the wall. Due to the convection of the air and the geometry of the cavity, air 
circulation among the hot and the cold side makes less than optimum conditions and limits 
the effect of the design. Moreover, the temperature difference of the inner and outer wall 
may increase the losses due to radiation. 
On the same principal the perforated bricks enclose air, acting as a unit offering better 
energy performance. By having shorter, thinner and multiple air cavities, the effect of 
convection is minimized. Also, the internal design of a brick is more easily modified, in 
order to create different shapes and sizes. 
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Several researchers looked in to optimize the performance of clay and concrete bricks by 
changing the geometry and the percentage of voids in the blocks. Significant also effort 
of research is directed in reducing the thermal conductance of the clay itself by adding 
pores forming material in the mix and controlling the composition of the clay and differ-
ent percentages of different elements. 
The infill wall only needs to be adequate on the energy requirements, but due to the way 
the wall is in contact with the structural part of the building, often the problem of Thermal 
Bridges arises. Thermal bridge is when a path off lower thermal resistance conducts heat 
to the outside of the building. The thermal bridges can occur at linear pattern or at a point 
with more important being the linear type as they indicate change of material (e.g. con-
crete-brick connection) or change of the buildings geometry and usually can be identified 
at the design stage. The point type usually indicates material fault or an unforeseen con-
struction practice. The detrimental effects for the inhabitant’s health and the building’s 
energy performance are well documented (4). 
In Fig. 4 the thermal bridge due to the buildings corner is expected but amplified due to 
horizontal perforations. 
The effect of thermal bridges does not only arise on the scale of a building or a wall but 
it is also present in the designs of the bricks deminishing the effects of an otherways good 
design. 
 
2.3.3 Water Penetration Partition Walls and Building Instalations  
Mediterranean enjoys a rather mild climate. The effects of water penetration are usually 
overlooked. The hot dry summers and enough winter sun keeps structures relative safe 
with the existence of balconies all around the building sheltering the walls beneath. 
Even in those safe conditions there are cases with serious problems and rely on the plaster, 
sealers and paints to make up badly made brickwork. 
Nevertheless, the problem of water penetration is very important with wind driven rain 
reaching more than 100 mm in depth in a brick wall reducing the thermal performance of 
the wall. As the most perforated bricks are intended to be covered by plaster, not enough 
of attention is given on the mortar laid (Fig.4) or the placement of the bricks (Fig. 5) and 
those are the most problematic areas. 
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Figure 5 Exterior Wall Construction 
Partition walls are also vast underestimated as they are thermal mass to the building, sep-
arating different thermal zones and unheated spaces and finally holding a lot of the build-
ings installations, like water piping, heating system pipes and electrical installations. 
The damage induced to the walls, in order to accommodate the wiring and the piping, is 
also causing thermal bridges to the building and a passage for water penetration.  
 
2.4 Brick Design 
From the beginning of brick production, the shape and sizes of the bricks made was dic-
tated from their uses. As industrialized production of bricks started, the shapes and sizes 
become a factor to the productivity and efficiency of the production process. Although 
this reduced the cost and improved the productivity, it also disengaged the production 
from the final use. This is evident as some of the brick designs remain the same for more 
than 50 years, irrelevant of the changing of the building codes and thermal requirements. 
A successful brick design should start from the structural integrity of the design fit for the 
purpose. Important aspects of the design are the modularity, how it will interconnect with 
the rest to complete the wall, negotiating openings and curved characteristics of the build-
ing design and obviously satisfying all the requirements as mentioned above. 
As the building site is not a controlled environment, a brick design that helps the masonry 
worker to do his work correctly it is important and improves the probability of the con-
structed project to operate as designed. 
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Other important characteristics of a well-designed brick will be the compatibility of the 
design with the manufacturing process for easy manufacturing. Minimizing the embodied 
energy as the brick industry is energy intensive and should consider the bricks, transport 
and structural consequences, as the industry is constantly offering larger blocks increas-
ing the weight per square meter of wall. 
Striking a balance among thermal performance, thermal mass, cost, on site resilience and 
minimizing the embodied energy of the brick and the building site in general (concrete 
and steel) becomes a difficult challenge that needs to be considered from the bottom up 
approach in order to offer an “engineered” product to suit with all the requirements. 
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3 Methodology 
The objective of this project is to investigate the thermal properties of hollow bricks for 
different construction arrangements ceramic materials and mortar properties. 
The investigation will be done using numerical analysis in COMSOL Multiphysics. 
In order to investigate the thermal transfer, each aspect will be modeled with various two-
dimensional and three-dimensional models for each hollow brick for steady state condi-
tions. 
Furthermore, the models will also be tested for filling of the voids with insulating material 
(Expanded polystyrene (EPS) and Perlite). 
 
3.1 Model Verification 
To evaluate the thermal performance all three aspects of heat transfer need to be consid-
ered. The method to be used will be validated with the EN 1745:2012 Annex D.4 refer-
ence case 1 in which conduction convection and radiation in the cavities are combined 
(according EN ISO 6946 Annex D) in a simplified equivalent conductivity. 
According the ISO 6946:2015 (5) the equivalent thermal resistance of an airspace is 
given: 
 ! = 1ℎ! + ℎ" 
And the equivalent thermal conductivity of an airspace is: 
#! =  ! 
According to the standard the unventilated airspaces are calculated with two different 
methods depending on the dimensions of the airspace when width (b) is more than 10 
times the thickness (in the direction of heat flow) (d) (ISO 6946 Annex D.2) and when 
width  is less than 10 times thickness (ISO 6946 Annex D.4).  
ℎ" = $%&'(') '(*  for b>10*d  (D2) 
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ℎ" = $%&'(') '(*) *('+,'+-*.*/ -.)
    b<10*d  (D4) 
Where ℎ"1 = 4 ∗  ∗ 45   for Tmn=283.15 K considering internal Temperature 
Tin=20°C and external temperature Tex=0°C. Stefan–Boltzmann coefficient σ=5.67*10-
8
 W/m2K4 . 
 
The ℎ! = max (0.025 ∗ , 1.25) (the largest number of the two) for ΔT ≤5 K (across the 
void) this was also verified during simulation. 
In the thermal resistance equation ha represents the convective and conductive heat across 
the void and the hr represents the radiate part. 
During the simulation the following assumptions are holding: 
 The heat flows from Tin to Tex and all other sides of the model are adiabatic. 
 Two-dimensional model in steady state condition. 
 Isotropic conductivity and constant thermophysical properties. 
 The equivalent conductivity of the voids in case 1 are calculated with previous 
version of EN ISO 6946 and are used as they are. 
 The emissivity values ε1 and ε2 are equal. 
 No mass transfer. 
 Clay conductivity λ10,dry,mat= 0.35 W/(mK). 
 Surface Resistance Rsi=0.13 m2K/W and Rse=0.04 m2K/W. 
 Air void large conductivity λ10,dry,mat= 0.082 W/(mK). 
 Air void small conductivity λ10,dry,mat= 0.074 W/(mK). 
Vertical perforated masonry unit.  
Dimensions 250 mm by 3002 mm. 
Voids dimensions d1=14.2mm, b1=47.5mm and d2=14.2mm b2=14.7mm. 
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Table 1 Simulation Results EN1745 Case 1. 
λ10,dry,mat 
W/(m*K). 
Rmas 
(K*m2/W) 
λ10,dry,unit 
(W/(m*K)) 
0.34 1.7884 0.18653 
0.35 1.7614 0.18973 
0.42 1.5993 0.21149 
0.51 1.4401 0.23826 
0.6 1.3165 0.26413 
 
From the case 1 λunit=0.188 W/(mK). From COMSOL λunit=0,18973 W/(mK). 
The error is 0.00173 less than 1% and thus considered the model correct. 
Furthermore, if deduce the value of λ from the Rmas  
Rt = Rmas - Rsi - Rse=1.7614-0.13-0.04=1.5914 m2K/W 
 
λunit=0,3002/1,5914=0,1886389 W/(mK) with error 0.34%. 
 
The differences are due to rounding errors during calculations and although a more accu-
rate processing was possible, it was decided to keep the same process through as multiple 
results had already taken and processed. 
During simulation various parametric results were collected in order to investigate the 
tendencies. 
 
3.2 Perforated Bricks Models 
During the process of selecting the bricks several types were considered, with the inten-
tion to include different dimensions, geometry of internal webbing, popularity in the 
Greek market and interlocking features. Many of the bricks can be found on the most 
producers with small differences in dimensions. 
The geometry of the bricks was lifted from online pictures and should only considered as 
indicative of the performance and not definite. 
During the simulations, especially on the three-dimensions models, various errors were 
found due to creation of small regions and a higher resolution mesh needed to solve it. 
It was decided to simplify the models in order to save on processing time. 
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The complete characteristics of the bricks can be found in Appendix A as the relative 
geometry and scale can be seen in Fig.6. 
 
 
Figure 6 Evaluated Bricks 
The relative scale of the blocks is correct and clearly some are not comparable in dimen-
sions to the rest, but it’s not meant compare to each other but to identify the contributing 
factors for each design’s performance. 
The most horizontal perforated bricks have the perforations in line. This is considered the 
most inefficient design as the internal webbing of the bricks acts as a thermal bridge con-
necting the inner side of the brick with the outer with a straight line (minimum distance). 
The only variation is the thickness of thermal bridge. On the most high-performance 
blocks, the only straight line can be found on the periphery of the block and this is chang-
ing in order to improve the performance. 
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The characteristic, straight-line webbing, is also found on the MK250 (6) with vertical 
perforation but with straight webbing through. On the same block various perforation on 
the interconnecting sides are located to limit the effect. 
From the horizontal perforated blocks, the 7_line and 9_line blocks are the only two that 
use quincunx pattern in the voids and thus creating longer path. The names are due to the 
7 lines of perforations and to 9 lines. Since the two blocks have the same external dimen-
sions the second exhibits lower voids fraction which often is interlinked with the R value 
(higher voids fraction higher R). 
From the rest of the vertical perforated blocks Porotherm (7) and EN1745 case 1 use the 
quincunx pattern with the block from ΕΝ1745 having the lowest voids fraction. 
The last remaining block is the EN1745 turn sideways. Since the block dimensions are 
similar (0.250m x 0.300m) it will serve as an indicator as the perforation and the webbing 
are installed the opposite way of their intended design (wall thickness for correct place-
ment 0.300m). 
By simulating a simple block, a large part of the performance is omitted depending on the 
blocks design. Even more important omission is not considering the method that the 
blocks interconnect to make up a wall. In order to have a more complete picture of the 
performance the connection with the bricks below (bed joints) and the subsequent bricks 
(head joints) need to be considered, depending on the symmetry of blocks and the con-
struction as is indicated in Fig.7.  
The three-dimensional simulation models used for the wall sections, were created with 
10 mm bed joints and head joints (where applicable). 
 
Figure 7 Symmetric Wall Section (8). 
The equivalent thermal conductivity for each air void was calculated for various values 
surface emissivity (Fig. 7). 
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Figure 8 Equivalent Thermal Conductivity of Perforations. 
From the results a well-designed air void under normal conditions of emissivity has the 
similar equivalent conductivity with a poorly designed and emissivity of 0.1 indicating 
the importance of a good designed.  
Interesting point is at surface emissivity of 0.5 a few voids have better equivalent con-
ductivity from perlite (λperlite. =0.05 W/mK). 
From the equivalent conductivities graph is not clear the tendencies. By taking the slopes 
a sharper representation of the results is generated that can be related to the brick designs 
(Fig.8). 
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Figure 9 Slopes of Conductivities of Voids relative to Dimensions and Radiation to heat flow. 
 
From the results the correlation of voids performance and emissivity values is visible.  
Porotherm has two large voids that, probable, are used for manufacturing needs, and show 
large slope, the rest of the perforations show smaller slopes indicative of good design. 
The block from the reference case (EN1745) shows small slopes when used as intended. 
When the block is turned to it side the large void slope is more than double indicative of 
a poor designed or in this case wrong use of the product. 
On the horizontal perforated bricks, the smallest slopes are shown from the 9_line block 
and from 6_Hole brick, the rest of the horizontal perforated bricks have the largest corre-
lation to the emissivity but also the largest potential improvement. 
In the work of Stefanizzi, (9) regarding heat transfer in the cavities of hollow blocks, it 
was indicated the different results obtained using the method in ISO 6946 and numerical 
analysis depending the ratio b/d, the results are overestimated or underestimated. 
As the results rely on the ISO 6946 method and the fact that many blocks have multiple 
different perforations, it is challenging to estimate the possible effect on the performance 
for the blocks until a more specific per block study is done with a proven method. 
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4 Simulation  
Three models were created for each of the block design one, two dimensional, of the brick 
and two, three-dimensional, of the brick and the symmetric wall section. 
During simulation four scenarios were tested for their performance in combination with 
the bricks design, normal emissivity (0.9), low emissivity (0.1), EPS insulation in voids 
(λ=0,041 W/mK) and perlite insulation (λ=0,05 W/mK). 
 
4.1 Radiation Results 
The various brick designs were simulated with high (0.9) and low (0.1) emissivity and 
the results are shown in Fig.10,11. 
From the results all the bricks had improved performance with some designs having big-
ger improvement. 
 
 
Figure 10 Emissivity effect on Wall sections performance. 
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By examining the slopes, the improvement of performance per design is evident. The 
three most improved designs are the ones that share similar characteristics of perforations 
(Glosa_9, Block_18, Block_18_Side) the design with the smallest improvement was on 
the 6_Hole brick design in accordance with the results from the calculations of the equiv-
alent conductivities of the voids. In contrast the Annex D Side design (EN1745side) 
shows very small improvement compared to the improvement of performance of the 
voids, for low emissivity. 
 
 
Figure 11 Slopes of Thermal Conductance of Wall section. 
The rest of the designs show improvement in performance in line to the improvement of 
the thermal conductivity of voids. 
 
4.2 Ceramic Materials 
Understanding how the heat transfer is influenced from the shape (webbing and voids) of 
a brick is intuitable and many researchers investigated the optimum voids shape and dis-
tribution, in order to improve the thermal characteristics of the blocks. 
When the performance limit, due to physical characteristics, is reached, a more discrete 
structure is also available for improvement.  
The constituent material of the clay bricks (clay) is composed of clay, various oxides and 
organic matter, with different mineralogy depending on the geological formation.  
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The organic matter, as it is present (or added) in the mixture, will be grind, mixed and 
formed into a brick. As the brick is passing through the kiln, the organic matter burns and 
leaves behind empty space (pores) in the structure of the brick. 
The distribution, size and type of the pores (open or closed) through the body of the brick 
is the microstructure and is important factor on the thermal conductivity of the material 
(λ10,dry,mat). 
Various research efforts have been made in using agricultural waste (10) or recyclable 
materials for pore formation, the effect of microstructure (11) and the role played by some 
mineralogical components (e.g. Ca-rich silicates) in the thermal performance (12). 
As the research in the topic requires multiple disciplines and support from the manufac-
turers for this thesis will only consider the effect of varying the thermal conductivity in 
the models in COMSOL. 
The data were collected from the two-dimensional models and used to validate the three-
dimensional. 
In Fig.9 the thermal conductivity of the bricks is plotted next to the thermal conductivity 
of the clay material (λ10, dry, unit and λ10, dry, mat) also shown in the chart the bricks with 
various insulation technics as EPS in the cavities, perlite and low emissivity treatment. 
From the chart the two different groups are apparent one that its more responding to the 
clay values and the rest.  
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Figure 12 Thermal Conductivity of Bricks. 
As before the slopes from the graphs are more readable (Fig.10). 
From the graph is apparent that the filling of the voids with insulation or radiant barrier 
has almost no effect on the performance of the blocks as expected. The two factors that 
are important for conduction is the thermal conductivity of the material and the design of 
the webbing (length and width) that connects the hot with the cold side.  
As expected, the performance of the block from the EN1745 case1 is average when used 
as intended and becomes two times more responsive to the changes of clay if it is installed 
sideways. Also, similar response is given from the 6_Hole brick and this is also due to 
the small distance and relative thickness of the internal webbing.  
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Figure 13 Slope of Equivalent Therm. Conductivities of Units. 
The best performance is shown from the design of Porotherm followed from the MK250 
as expected due to their size and the voids ratio. The Annex d Case 1 brick design lags 
due to smaller voids ratio even if the design is larger in dimensions. 
The most interesting from the results is the performance from the MK250 as the straight 
webbing from hot side to cold act as a thermal bridge but as the thickness relative to its 
length is small, a good performance is possible. 
The demystification of the performance of Annex d side design (considering the results 
for low emissivity) becomes more obvious as the design is highly responsive to the 
changes of thermal conductivity of the clay due to thermal bridge effect and small voids 
ratio. In similar fashion is the design of 6_Hole. 
 
4.3 Construction and Mortar Properties  
From the multitude of construction arrangements possible limited only from the imagina-
tion of masonry builder (Fig.5) the only to be considered will be the single leaf construc-
tion. The orientation of the bricks will be such to create a wall with minimum thickness 
of 90mm as is often used in practice. 
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The two main categories are the designs that rely on the mortar in order to create a wall 
and the designs with tongue and grooves (mechanical interlocking). 
The only two brick designs that have mechanical interlocking are the porotherm design 
and the MK250 and both have three tongues and three grooves for lengthwise connection. 
The connection with the bricks below and above is done utilizing bed mortar. 
The mortar is identified as a thermal bridge in all designs as the thermal conductivity 
(λmortar=1.4 W/mK) can be three or more times bigger than the brick. Multiple methods 
have been used to minimize the effect on the wall construction. Among them are low 
thermal conductivity mortar, use of polyurethane based adhesives (Fig. 16), thin bed mor-
tar (Fig 14) with thickness of 3 mm compare to 10mm of normal thickness, partial bed-
ding (Fig. 17) with mortar on the inner and outer side and webbing mortar (Fig. 15) a thin 
layer of mortar only on the webs. 
 
 
Figure 14 Thin Bed Mortar Applied 
with sled (11) 
 
Figure 15 Wienerberger Webbing Mortar (12) 
Not all the technics are suitable for all the bricks under investigation. 
In general, the thin bed mortar, webbing mortar, and polyurethane adhesives require 
higher precision with small variability bricks. 
Other problems regarding the simulation of different mortars are the physical character-
istics of the cavities may change due to mortar entering the void altering the initial calcu-
lations for the void. 
The air movement for the partial bedding had to be investigated and the effect with mul-
tiple bricks and the details for simulation with polyurethane adhesives were also unclear. 
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All the above need to be considered with relevance to the bricks used, as the physical 
characteristics of the bricks show high variability and different sensibility on these vari-
ations and how the performance may be effected. 
 
 
Figure 16 Wienerberger’s Dryfix system 
 
Figure 17 Partial Bending Mortar (14) 
As the design of the webbing for Porotherm and MK250 was available a thin webbing 
mortar was simulated without considering movement of air above and below the mortar 
layer, in order to investigate the equivalent thermal performance for variable conductivi-
ties of the mortar(1).  
 
Table 2 Webbing Mortar Performance 
 
λ Mortar 
(W/(m*K)) 
λ Equiv. 
(W/(m*K)) 
Improvement 
Ratio % 
Po
ro
th
er
m
 
w
eb
bi
n
g 
m
o
rt
ar
 
0.7 0.2427 65.3 
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0.7 0.27453 60.8 
0.8 0.29705 62.9 
1 0.34139 65.9 
1.2 0.38511 67.9 
1.4 0.42842 69.4 
 
From the results an improvement from 60% to 72% is possible surpassing the perfor-
mance of the bricks in some cases. 
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Regarding the performance of the wall sections relative to mortar and construction ar-
rangements the results (Fig. 18,19) are as expected, considering the physical parameters 
of the bricks. 
 
 
Figure 18 Wall Sector with variable Mortar Conductivity 
 
 
Figure 19 Slope of Wall section conductivity Relative to Mortar Conductivity 
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As the dimensions of the brick increase, the area of mortar gets smaller. This is present 
in the results, as the smallest bricks show the highest relevance to the conductivity of the 
mortar.  
All other designs have similar dependence relative to mortar conductance, with exception 
of the two designs that minimize the use of mortar by employing mechanical interlocking 
on the horizontal level. A further improvement is possible by employing mortar only on 
the webbing (Table 2). 
 
4.4 Brick Design Analysis 
Due to the great variance of the brick designs and sizes, the results should not be directly 
compared to each other. 
A more appropriate comparison will be to investigate the enhancement offered by each 
type of modifications in order to investigate the usability in real world. 
The effect of clay conductivity to the most designs is proportionate, and more efficient 
designs maximize the performance improvement as in Fig.12. For the scope of this thesis, 
the bricks are considered to have a conductivity value of (λclay=0.42 W/m*K) . 
 
4.4.1 6_Hole Design 
The six-hole design is one of the oldest designs directly connected to the old masonry 
bricks and techniques. 
Short length and thick webbing acts as thermal bridge. The same is true for the mortar as 
the size is comparable to the dimensions of the brick and have profound effect. 
By reducing the thermal conductance of the mortar from 1.4 to 0.4 an improvement of 
35.2% is accomplished. 
In Table 3 are shown the Equivalent thermal conductivity for the wall section for various 
mortar and voids modifications  
The perforations due to the relative size have smaller effect on the performance of the 
wall corresponding 8.2% improvement with low emissivity (ε=0.1) coatings. 
In Fig.20,21 the standard performance and the best case have visible differences with the 
thermal bridge in operation as seen from the isothermal contour. 
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Table 3 Wall Performance by Method 6_Hole Design 
 
 
 
Figure 20 6_Hole ε=0.9, λmort=1.4 
 
Figure 21 6_Hole ε=0.1, λmort=0.4 
4.4.2 Glosa_9 
The design has the same wall thickness with the previous design, but due to the larger 
remaining dimensions the amount of mortar is reduced  
Due to the design of perforations the best performance is possible with the use EPS insu-
lation in the voids 30.9% improvement (Table 4). 
Minimizing the losses through the mortar can have an improvement of 21.5%. 
The operation of the webbing as a thermal bridge is evident in Fig.22, 23 
 
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.45738 0.0%
Perlite 1.4 0.43421 5.1%
EPS 1.4 0.42899 6.2%
Air Voids ε=0.1 1.4 0.41994 8.2%
Air Voids ε=0.9 0.8 0.3649 20.2%
Perlite 0.8 0.34226 25.2%
EPS 0.8 0.33718 26.3%
Air Voids ε=0.1 0.8 0.32837 28.2%
Air Voids ε=0.9 0.4 0.29647 35.2%
Perlite 0.4 0.27418 40.1%
EPS 0.4 0.26919 41.1%
Air Voids ε=0.1 0.4 0.26054 43.0%
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Table 4 Wall Performance by Method Glosa_9 Design 
 
 
 
Figure 22 Standard Performance 
 
 
Figure 23 Best performance 
4.4.3 Block_N18_Side 
This design is showing the best improvement in performance reaching a 54.4% improve-
ment with EPS insulation in the cavities and low conductivity mortar (Table 5). 
The mortar itself can improve by 20.1% the performance as the difference in performance 
is visible in Fig.24. 
  
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.34751 0.0%
Air Voids ε=0.9 0.8 0.3051 12.2%
Air Voids ε=0.9 0.4 0.27285 21.5%
Perlite 1.4 0.24843 28.5%
Air Voids ε=0.1 1.4 0.2465 29.1%
EPS 1.4 0.24012 30.9%
Perlite 0.8 0.20803 40.1%
Air Voids ε=0.1 0.8 0.20615 40.7%
EPS 0.8 0.19992 42.5%
Perlite 0.4 0.1772 49.0%
Air Voids ε=0.1 0.4 0.17535 49.5%
EPS 0.4 0.16922 51.3%
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Table 5 Wall Performance by Method Block_N18_side 
 
 
  
Figure 24 Standard and Best Performance 
4.4.4 Block_N18 
This design shows the second-best improvement with 53.8% (Table. 6). All the charac-
teristics are Identical to the previous design with the most important of the results being 
that even a thicker wall shows improvement, for the best case smaller than the previous 
design (with thinner wall). 
Similar response (Fig. 25) on the effect of mortar as the previous design. 
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.35667 0.0%
Air Voids ε=0.9 0.8 0.31507 11.7%
Air Voids ε=0.9 0.4 0.28489 20.1%
Air Voids ε=0.1 1.4 0.24674 30.8%
Perlite 1.4 0.23963 32.8%
EPS 1.4 0.23192 35.0%
Air Voids ε=0.1 0.8 0.20645 42.1%
Perlite 0.8 0.19945 44.1%
EPS 0.8 0.19185 46.2%
Air Voids ε=0.1 0.4 0.17711 50.3%
Perlite 0.4 0.17017 52.3%
EPS 0.4 0.16265 54.4%
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Table 6 Wall Performance by Method Block_N18 
 
 
  
Figure 25 Standard and Best Performance 
4.4.5 7_line Block 
From the results (Table. 7) is indicative that the block design can be improved as the 
improvement with low emissivity coating marginal better the EPS insulation. Also is ev-
ident the cost of the thermal bridge on the mortar as the half of the maximum improve-
ment is due to low conductivity mortar as it is visible in Fig.26. 
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.35476 0.0%
Air Voids ε=0.9 0.8 0.30714 13.4%
Air Voids ε=0.9 0.4 0.27309 23.0%
Air Voids ε=0.1 1.4 0.25343 28.6%
Perlite 1.4 0.25105 29.2%
EPS 1.4 0.24332 31.4%
Air Voids ε=0.1 0.8 0.20712 41.6%
Perlite 0.8 0.20478 42.3%
EPS 0.8 0.19719 44.4%
Air Voids ε=0.1 0.4 0.17387 51.0%
Perlite 0.4 0.17155 51.6%
EPS 0.4 0.16404 53.8%
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Table 7 Wall Performance by Method 7_line Block 
 
 
  
Figure 26 Standard and Best Performance 
4.4.6 9_line Block 
This design is identical to the previous with more webbing creating smaller voids. More 
webbing means more clay and smaller voids percentage.  
Even the performance (Table. 8) is not improved as the previous design, the thermal con-
ductivity remains better than the 7_line version. 
The improvement due to mortar is 27.6% indicative that the block is a better design as 
seen on Fig. 27.  
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.34241 0.0%
Air Voids ε=0.9 0.8 0.29098 15.0%
Perlite 1.4 0.26876 21.5%
EPS 1.4 0.26073 23.9%
Air Voids ε=0.1 1.4 0.25937 24.3%
Air Voids ε=0.9 0.4 0.25488 25.6%
Perlite 0.8 0.21805 36.3%
EPS 0.8 0.21011 38.6%
Air Voids ε=0.1 0.8 0.20877 39.0%
Perlite 0.4 0.18232 46.8%
EPS 0.4 0.17442 49.1%
Air Voids ε=0.1 0.4 0.17309 49.4%
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Table 8 Wall Performance by Method 9_Line Block 
 
 
  
Figure 27 Standard and Best Performance 
 
 
4.4.7 MK250  
The performance of this design is as expected, due to minimizing the losses by utilizing 
mechanical interlocking and large size. The largest potential improvement regarding the 
mortar is only 14.4% (Table. 9) (relative to 27.6% of the previous design. 
The Fact that the low emissivity results are less than the EPS filling is evident that an 
improvement in the design is possible. 
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.31668 0.0%
Perlite 1.4 0.27234 14.0%
Air Voids ε=0.9 0.8 0.26544 16.2%
EPS 1.4 0.26373 16.7%
Air Voids ε=0.1 1.4 0.25085 20.8%
Air Voids ε=0.9 0.4 0.22943 27.6%
Perlite 0.8 0.22152 30.0%
EPS 0.8 0.213 32.7%
Air Voids ε=0.1 0.8 0.20027 36.8%
Perlite 0.4 0.18572 41.4%
EPS 0.4 0.17725 44.0%
Air Voids ε=0.1 0.4 0.16457 48.0%
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Finally, from the isothermal contour lines (Fig. 28) the interlocking shapes can be im-
proved in design   
Table 9 Wall Performance by Method MK250 
 
 
  
Figure 28 Standard and Best Performance 
4.4.8 Porotherm Design 
This design is similar in dimension to the previous with interlocking features. The differ-
ent way of operation of the design is apparent (Fig. 29) as it relies on the design of the 
voids to minimize the heat transfer. Each line of perforations and their function is shown 
from the contour lines. 
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.25961 0.0%
Air Voids ε=0.9 0.8 0.23785 8.4%
Air Voids ε=0.9 0.4 0.22229 14.4%
Perlite 1.4 0.1956 24.7%
Air Voids ε=0.1 1.4 0.18771 27.7%
EPS 1.4 0.18722 27.9%
Perlite 0.8 0.1735 33.2%
Air Voids ε=0.1 0.8 0.16595 36.1%
EPS 0.8 0.16514 36.4%
Perlite 0.4 0.15781 39.2%
Air Voids ε=0.1 0.4 0.15041 42.1%
EPS 0.4 0.14946 42.4%
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As the performance improvement of the block regarding to the mortar is like the previous 
design 15.8% (Table 10). 
The well-designed voids work well for standard conditions and the offer even better per-
formance for low emissivity with an improvement of 41.4% (better than EPS filling)  
Table 10 Wall Performance by Method Porotherm Design 
 
 
  
Figure 29 Standard and Best Performance 
4.4.9 En1745 Side Design 
The performance of this design is to indicate the importance of correct placement and use 
of building materials in the modern construction site.  
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.23864 0.0%
Air Voids ε=0.9 0.8 0.21656 9.3%
Air Voids ε=0.9 0.4 0.20087 15.8%
Perlite 1.4 0.19654 17.6%
EPS 1.4 0.18766 21.4%
Air Voids ε=0.1 1.4 0.17758 25.6%
Perlite 0.8 0.1745 26.9%
EPS 0.8 0.16564 30.6%
Perlite 0.4 0.15879 33.5%
Air Voids ε=0.1 0.8 0.15561 34.8%
EPS 0.4 0.14993 37.2%
Air Voids ε=0.1 0.4 0.13991 41.4%
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A good design is relative to heat flow direction and this is evident from the contour lines 
(Fig. 30) as the line crossing in a straight manner the perforations almost irrelevant of 
their conductivity. 
From the results (Table. 11) the performance of the voids with EPS have better perfor-
mance than the low emissivity indicative of poor design. 
Table 11 Wall Performance by Method En1745 Side Design 
 
 
  
Figure 30 Standard and Best Performance 
 
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.38619 0.0%
Air Voids ε=0.9 0.8 0.34703 10.1%
Air Voids ε=0.1 1.4 0.33816 12.4%
Perlite 1.4 0.3308 14.3%
EPS 1.4 0.32617 15.5%
Air Voids ε=0.9 0.4 0.31944 17.3%
Air Voids ε=0.1 0.8 0.29905 22.6%
Perlite 0.8 0.29157 24.5%
EPS 0.8 0.28696 25.7%
Air Voids ε=0.1 0.4 0.2715 29.7%
Perlite 0.4 0.26396 31.7%
EPS 0.4 0.25936 32.8%
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4.4.10 En1745  
In contrast with the previous case as the block is oriented as indented a completely dif-
ferent picture is presented. In the results (Table. 12) the performance with low emissivity 
treatment offers an improvement of 8% more than the EPS filling. 
A maximum improvement of 47% is possible by utilizing low conductivity mortar and 
the low emissivity. 
In Fig. 31 the operation of the voids is evident. 
Table 12 Wall Performance by Method En1745 Case 1 
 
 
  
Figure 31 Standard and Best Performance 
 
 
Voids 
Modification
Mortar λ 
(w/mK)
Equiv. 
Therm. 
Condu.
Imp.
Ratio
Air Voids ε=0.9 1.4 0.29903 0.0%
Perlite 1.4 0.26645 10.9%
EPS 1.4 0.25613 14.3%
Air Voids ε=0.9 0.8 0.25591 14.4%
Air Voids ε=0.1 1.4 0.23195 22.4%
Air Voids ε=0.9 0.4 0.22566 24.5%
Perlite 0.8 0.22334 25.3%
EPS 0.8 0.21302 28.8%
Perlite 0.4 0.19301 35.5%
Air Voids ε=0.1 0.8 0.18884 36.8%
EPS 0.4 0.18266 38.9%
Air Voids ε=0.1 0.4 0.15839 47.0%
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5 Conclusions 
A low energy building requires a new approach in design and construction. The industries 
involved are often lagging in developing new products to fill the void. More important 
the low energy design needs to consider all aspects of the energy, included the embedded 
energy in the construction materials.  
As the brick industry is constantly offering larger blocks, in order to reach the appropriate 
thermal resistance, other methods of improving the thermal performance are not consid-
ered  
By advocating for bigger blocks various consequences on the design of a low energy 
building are left to be thought at a later stage with serious consequences, like structural 
decisions and thermal capacitance. 
As several researchers have shown that, for heated dominated environments, the large 
thermal capacitance is leading to increase in the energy requirements of a building, is 
evident that the industry must offer products according to engineering specifications. 
During this investigation for the thermal properties of hollow bricks for different con-
struction arrangements ceramic materials and mortar properties has been clearly identi-
fied the improvement potential of various bricks popular in the Greek market. 
For each block design, different improvement techniques, offer a wide range of possibil-
ities for improving the design and the performance by finding the most cost-effective way 
as this will lead to wider acceptance. 
Regarding this study, the steady state parameter does not represent the dynamic perfor-
mance of a building. This needs to be considered and simulated with typical meteorolog-
ical data, as the sinusoidal input does not give an accurate response. 
Furthermore, other factors that need to be investigated are: 
The behavior of perlite on thermal radiation, (13) as this could reduce the thermal radia-
tion losses. 
The moister transport characteristics of the fillings as the effect of moister transport to the 
open pores of the clay. 
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Appendix A 
 Masonry Dimensions and Airspace Dimensions 
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Hor. 
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Glosa_9 330 150 90 330.00 31.50 836 54.52 D2 
Hor. 
Perf. 
Block_N18 330 150 180 330.00 34.75 740 59.00 D4 
Hor. 
Perf. 
Block_N18 Side 330 180 150 330.00 38.61 740 59.00 D4 
Hor. 
Perf. 
7_lIne_Block 330 140 250 330.00 26.00 736 62.57 D2 
Hor. 
Perf. 
9_lIne_Block 330 140 250 330.00 18.40 820 58.40 D2 
Vert. 
Perf. 
Porotherm 25nf 375 238 250 34.86 19.57 750 55.30 D4 
          19.20 19.57     D4 
          35.00 45.91     D4 
          9.26 16.39     D4 
     5.50 10.50   D4 
Vert. 
Perf. 
MK250 380 240 250 39.87 16.11 650 57.88 D4 
          10.00 31.70     D4 
          39.93 39.74     D4 
          10.00 47.70     D4 
          16.39 9.26     D4 
          6.00 47.70     D4 
Vert. 
Perf. 
Annex D 1745 250 238 3002 47.50 14.20   38.40 D4 
          17.70 14.20     D4 
Vert. 
Perf.. 
Annex D 1745 
Side 
3002 238 250 14.20 17.70   38.40 D4 
          14.20 47.50     D4 
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Appendix B 
Equivalent Thermal Conductivities of Airspaces 
Emissivity 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 
R
ed
u
ct
io
n
 
R
at
e 
%
 
`1745 
Case1Side 
0.184 0.168 0.153 0.139 0.125 0.111 0.098 0.084 0.072 60.9 
1745 
Case1 Side 
0.076 0.068 0.061 0.055 0.048 0.042 0.037 0.032 0.027 64.6 
1745 
Case1 
0.071 0.062 0.054 0.047 0.041 0.035 0.030 0.026 0.022 69.7 
1745 
Case1 
0.064 0.057 0.051 0.045 0.040 0.035 0.030 0.026 0.022 66.5 
MK250 0.175 0.157 0.140 0.124 0.110 0.096 0.083 0.071 0.060 65.6 
MK250 0.079 0.069 0.061 0.053 0.046 0.040 0.034 0.029 0.024 68.9 
MK250 0.123 0.113 0.103 0.093 0.083 0.074 0.065 0.056 0.048 61.1 
MK250 0.180 0.166 0.152 0.138 0.124 0.111 0.098 0.085 0.072 60.1 
MK250 0.044 0.039 0.034 0.030 0.026 0.023 0.020 0.017 0.014 67.8 
MK250 0.176 0.163 0.149 0.136 0.123 0.110 0.097 0.084 0.072 59.2 
Porotherm 0.093 0.082 0.072 0.063 0.055 0.048 0.042 0.035 0.030 67.9 
Porotherm 0.086 0.077 0.069 0.061 0.054 0.047 0.041 0.035 0.030 65.5 
Porotherm 0.195 0.176 0.158 0.141 0.125 0.110 0.096 0.082 0.070 64.4 
Porotherm 0.067 0.061 0.055 0.049 0.044 0.039 0.034 0.029 0.025 63.1 
Porotherm 0.043 0.039 0.035 0.032 0.028 0.025 0.022 0.019 0.016 62.8 
9_line 
Block 
0.101 0.085 0.073 0.063 0.054 0.047 0.040 0.033 0.028 72.2 
7_line 
Block 
0.142 0.119 0.103 0.089 0.077 0.066 0.056 0.047 0.040 72.2 
Block_N1
8_Side 
0.202 0.175 0.151 0.131 0.113 0.097 0.083 0.070 0.058 71.2 
Block_N1
8 
0.184 0.159 0.137 0.118 0.102 0.088 0.075 0.063 0.053 71.3 
Glosa_9 0.172 0.144 0.125 0.107 0.093 0.079 0.068 0.057 0.048 72.2 
6_Hole 0.093 0.078 0.067 0.058 0.050 0.043 0.037 0.031 0.026 72.2 
Perlite 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 
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